Abstract-The structure and mechanical properties of the technological welded joints of large diameter pipes of strength class K60 produced by two companies are studied. Along with standard mechanical proper ties (σ 0.2 , σ u , δ, ψ), specific work of deformation a (tensile toughness) and true rupture strength S f are esti mated from an analysis of the stress-strain diagrams constructed in true coordinates. The mechanical behav ior is found to be different for samples cut from different zones of a welded joint (central weld, heat affected zone, and base metal). The mutual correlation between parameters a, S f , and impact toughness KCV is con sidered.
INTRODUCTION
The efficiency of applying high strength low carbon microalloyed steels as the materials of welded pipes for high pressure main pipelines is provided by a set of the operating characteristics of a metal, in particular, a combination of a high strength, plasticity, and fracture toughness [1, 2] . The strength properties of the welded joint material determine the reliability of operating main pipelines, and the aim of all manufacturers of welded pipes is to make the structures and mechanical properties of the welded joint material and the base tube material maximally close to each other. Because of the existing differences in the welding materials and equipment, each company reaches this aim using spe cific technological approaches.
The technology of manufacturing welded pipes to 1420 mm in diameter includes a multipass multirow (usually, four row) arc welding of strips under flux [3, 4] . Because of the multilayer formation of a weld during repeated thermal cycles of heating of the preced ing metal layers, a number of regions (weld center zone (WCZ), weld root (WR), heat affected zone (HAZ)) with different structural states and levels of mechanical properties can be separated. The technical require ments imposed on the next generation pipes and welded joints exclude their brittle fracture; in this con nection, it is important to study the structure and mechanical properties of a weld as a potential source of a low fracture toughness of a metal.
The aim of this work is to study the structure and mechanical properties of the welded joints of large diameter pipes belonging to strength class K60.
EXPERIMENTAL
We studied the welded joints of pipes of strength class K60 (Kh70) 1420 mm in diameter and 25.8 mm in wall thickness produced by companies A and B. The metal structure was studied in all weld zones (Fig. 1) . The specimens for mechanical tests were cut from CW, HAZ, and base metal (BM) (Fig. 2) . The chemical composition of the BM is given in Table 1 .
Because the individual zones, especially HAZ, have small widths, the specimens cut from them contain comparatively small amounts of the metals of the neighboring zones. This fact, as shown in what follows, did not prevent us from obtaining a correct level of the mechanical properties of each zone and section. Bending impact tests were performed on a MK 30 pendulum impact testing machine using Charpy speci mens at temperatures of 0, -20, -40, -60, and -80°C. More than three specimens were studied at each tem perature.
Structure and Mechanical Properties of the
The tensile tests of fivefold cylindrical specimens 10 mm in diameter were performed on an Instron 3382 universal testing machine at a rate of 0.7 × 10 -3 s -1 at room temperature.
The most usual mechanical behavior of metallic materials during deformation is a decrease in the hard ening rate with increasing strain [5, 6] . In this case, the true stress S-relative reduction of area ψ curve is described by the power law
where K is the strain hardening coefficient (MPa) and n is the strain hardening exponent (Fig. 3) . Analyzing the stress-strain curve, we found work of deformation A (J) as the area under the curve, Then, the power law of the strain hardening is expressed as A = Kψ n + 1 /(n + 1). The specific work of deformation (tensile tough ness) a (J/mm 3 ) was found as the work corresponding to a certain stage of plastic deformation (A u and A c for uni form and concentrated plastic deformation, respec tively) related to volume V 0 of the gage portion of the specimen,
where F 0 is the initial area of the specimen cross section and l 0 is the initial calculation specimen length. True rupture strength S f was found as the ratio of load P f to cross sectional area of the specimen F f at the fracture time,
and relative reduction of area ψ f was found from the relationship ψ f = ln(F 0 /F f ).
RESULTS AND DISCUSSION The microstructure of the BM of the pipes under study is an ultradispersed (the structural component
size is ≤10 μm) mixture of ferrite and the low tempera ture decomposition products of supercooled austenite (bainite and/or martensite) in a ratio of ~70/30 (Fig. 4a ). During welding, the pipe base metal is heated to a temperature higher than 1000°C; as a result, austenite grains grow and carbides dissolve in HAZ. This increases the stability of supercooled austenite, which leads to the formation of needlelike structural compo nents upon subsequent rapid cooling (20-30°C/s) and, therefore, to the embrittlement of the HAZ material. The CZ metal structure consists of various size den drites, from which the coarsest (to ~70 μm) ferrite den drites form predominantly in primary arms and more disperse dendrites also contain bainite and/or marten site (Fig. 4b) . The coarse grained HAZ cg adjacent to the central weld contains 10 to 20 μm ferrite grains and the low temperature products of the decomposition of supercooled austenite (Fig. 4c) .
The structure dispersion in the fine grained heat affected zone HAZ fg following HAZ cg increases: the grain sizes are 5-10 μm, and the crystals of hardening phases (bainite and/or martensite) are refined and dis tributed over the volume more uniformly (Fig. 4d) . Figure 5 depicts the results of mechanical tests as primary stress-strain diagrams. The specific feature of the pipe specimens under study after their operating for about two years is the formation of a yield plateau and a yield drop in the diagram. It is known [5, 7] that the for mation, level, and value of a yield drop and a yield pla teau in steels are determined by the volume fraction and grain size of ferrite and the density of ferrite lattice defects pinned in it by interstitial atom atmospheres.
The stress-strain curve for the specimens cut from the pipe central weld of manufacturer A (pipe A) has a yield plateau, which is absent in the curves for the spec imens of HAZ and BM. A welded joint on the pipe of manufacturer B (pipe B) demonstrated different behav ior of the metal in the zones under study: the stressstrain curve of the central weld metal has a yield plateau along with a yield drop, and the curves for HAZ and BM only have a yield plateau.
According to these data, the density of lattice defects pinned by atomic atmospheres and/or disperse particles is maximal in the weld metal of pipe B, and this fact negatively influences the level of viscoplastic character istics in this region and increases the yield strength (Fig. 6 ).
Pipes A have comparatively low values of σ 0.2 , σ u , and ratio σ 0.2 /σ u ≈ 0.75 in BM in HAZ, which provide very high impact toughness KCV -20 = 300 J/cm 2 up to a test temperature T test = -80°C.
These data and completely ductile type of fracture show that the ductile-brittle transition temperature of the metal in these regions is lower than -80°C. The strength properties of the central weld metal are highest (σ 0.2 /σ u ≈ 0.90) and, hence, the toughness characteris tics are lowest (Fig. 6) the formation of a brittle component in fracture at T test ≤ -60°C. As compared to this, the pipe B weld region demon strates a better serial curve and completely ductile frac ture up to T test = -60°C. The specimens cut from BM and HAZ exhibit higher strengths and lower viscoplas tic characteristics (but higher than those allowable according to the normative requirements) than those of similar specimens from pipe A.
An analysis of the stress-strain diagrams in the true coordinates allows the elucidation of the peculiarities of strain hardening of the metal from various zones of pipe weld joints of both manufacturers (Table 2 ). It is seen that true yield strength S 0.2 is a characteristic more sen sitive to changes in the structure than true ultimate strength S u : S 0.2 decreases from 600 MPa in CWZ to 465 MPa in BM of pipes A and from 620 to 495 MPa in pipes B. In this case, BM demonstrates the highest intensity and the longest strain hardening time at the uniform stage in the weld joints of pipes of both manu facturers (K = 1665 and 1473, n = 0.50 and 0.47, and ψ u = 0.28 and 0.30 for pipes A and B, respectively).
It is of specific interest to estimate the energy of the process. It is known [6, 8] that the specific tensile defor mation work (tensile toughness a) is a complex charac teristic that is determined by a set of "simpler" mechan ical properties of a material, namely, strength (σ 0.2 , σ u ) and plastic (δ u , δ, ψ) properties and is more sensitive to changes in the structural state of the material than these simple properties. It is seen from Table 3 that the spe cific energy of the uniform stage of plastic deformation is extremely low and depends slightly on the structural change in the welded joint zones of pipes of both man ufacturers (a u = 0.03-0.05 J/mm 3 ). The main factor controlling the plastic deformation energy at the uni form stage is the fraction of ferrite in a ferrite-bainitemartensite mixture [9] .
Structure sensitive characteristics are the parame ters of strain hardening at the concentrated stage of deformation (Table 3) . At this stage, plastic deforma tion in necking to complete fracture of a specimen is accompanied by the growth of a mode I crack, and a ductile cup shaped relief forms on the fracture surface of a cylindrical specimen. The specific feature of the relief on macroscopic scale is the existence of the fol lowing two regions [6, 8] : the central region, whose plane is perpendicular to the external tensile force, and the periphery region, whose plane is at an angle of ~45°t o the external tensile force. Tables 2 and 3 , the metal of all zones of the welded joint of pipe A has higher characteristics of strain hardening and fracture than those of pipe B. The highest fracture strength S f is observed in the HAZs of both pipes A (by 600 MPa higher than for the central weld metal and by 110 MPa higher than that of the base metal) and pipes B (by 160 MPa higher than for the central weld metal and by 50 MPa higher than that of the base metal). A similar relation also takes place for the strain hardening intensity S f /S u , ductility ψ f , tensile toughness a c , and impact toughness KCV, which are maximal in HAZ of the pipe A welded joint: S f /S u = 3.10, ψ f = 1.70, a c = 0.58 J/mm 2 , and KCV = 304 J/cm 2 . Figure 7 shows the correlation parameters of the fracture energy (a, KCV) and true stresses (S t , S u , S f ) of the welded joints of the pipes under study. It is seen that stress S t , which characterizes the resistance of a metal to small plastic deformations, is not functionally related to tensile toughness a and impact toughness KCV, as S u (Figs. 7a, 7b) : at certain stresses, parameters a and KCV vary over wide limits. This seems to be related to the fact that the main contribution to the toughness parameters is made by the high degrees of deformations at the con centrated stage. This assumption is supported by good Table 2 . Mechanical characteristics of the metal in the zones of welded joints found from stress-strain diagrams in true coordinates correlation of characteristics a, KCV, and S f of the welded joints of pipes of both manufacturers.
As is seen from
The existence of correlations a-S f , KCV-S f prede termines the existence of correlation KCV-a (Fig. 7c) . Both characteristics (KCV, a) have almost a similar physical meaning, since they describe the work of plas tic deformation and fracture of a specimen under con ditions of the formation of a three axial stress state at the final stage of plastic flow preceding fracture. The consideration of correlation KCV-a u would be more objective; however, since a u is an order of magnitude smaller than a c and weakly depends on the place of cut ting a specimen and the pipe metal composition, the consideration of a u is not substantial.
Of course, the differences in the method and rate of loading of specimens markedly influence the absolute values of these characteristics, but the existence of a correlation between them indicates that changes of the structural state of steels influence the characteristics in one direction and at the same rate. This can be consid ered as the principle of similitude and allows us to extend the conclusions made in laboratory tests of spec imens to the behavior pf parts (pipes, welded joints) during operation.
The revealed features of the strain hardening of the steels under study affected the characteristics of cup and cone fracture of the specimens subjected to tensile tests (see Table 3 ). In particular, the neck at the site of frac ture of WCZ has a rounded equiaxial shape, and the fracture area induced by a mode I crack in the pipe A weld is smaller than in the pipe B weld.
The relation between the type of fracture surface (cup and cone fracture relief) with the change in the energy of plastic deformation at the stage of concen trated deformation is supported by the tensile toughness (a c = 0.31 and 0.25 J/mm 3 for the pipe A and B welds, respectively) and the impact toughness (KCV = 174 and 148 J/cm 2 , respectively). A similar picture is observed in BM.
At the center of the neck of the specimens cut from HAZ, where the welded joint of pipes of manufacturer A exhibits the largest reserve of toughness, a splitting forms; its appearance is typical of steels after controlled rolling [10, 11] .
CONCLUSIONS
(1) Metallographic study of the structure of the base metal, the weld region, and the heat affected zone in the welded joints of large diameter pipes of strength class K60 produced by two manufacturers showed that it consists a mixture of ferrite (up to 70%) and bainite (martensite) of various dispersity and morphology.
(2) The dendrite structure of the welded joint metal provides the highest strength properties (σ 0.2 = 600 and 620 MPa, σ u = 655 and 680 MPa, for pipes A and B, respectively) at the lowest viscoplastic characteristics (δ = 30-31%, ψ = 65-70%, KCV = 150-170 J/cm 2 ) as compared to those of the base metal and the heat affected zone metal, which are almost the same (σ 0.2 = 465-515 MPa, σ u = 600-635 MPa, (δ = 32-35%, ψ = 71-81%, KCV = 225-304 J/cm 2 ). (3) It is established that the specific work of defor mation (tensile toughness) found from the true stressstrain diagrams of the specimens cut from certain zones of the welded joints of pipes of different manufacturers correlates with true fracture strength S f and impact toughness KCV.
(4) The absence of a correlation between the true yield strength, the true ultimate tensile strength, and the fracture toughness or impact toughness allows the con clusion that the work of plastic deformation at the stage of concentrated deformation makes the main contribu tion to the cracking resistance of the high toughness steels under study.
(5) The strength and viscoplastic properties of the metal of all regions in the welded joints of pipes of both manufacturers significantly exceed the normative requirements for the welded joints of pipes of strength class K60. At the same time, the toughness characteris tics in the weld region are lower than those in the other zones of the welded joint and the base metal, and its hardness and strength are maximal. 
